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The ability of Desulfovibrio vulgaris Hildenborough to reduce, and therefore contain, toxic and radioactive

metal waste has made all factors that affect the physiology of this organism of great interest. Increased salinity
is an important and frequent fluctuation faced by D. vulgaris in its natural habitat. In liquid culture, exposure
to excess salt resulted in striking elongation of D. vulgaris cells. Using data from transcriptomics, proteomics,
metabolite assays, phospholipid fatty acid profiling, and electron microscopy, we used a systems approach to
explore the effects of excess NaCl on D. vulgaris. In this study we demonstrated that import of osmoprotectants,
such as glycine betaine and ectoine, is the primary mechanism used by D. vulgaris to counter hyperionic stress.
Several efflux systems were also highly up-regulated, as was the ATP synthesis pathway. Increases in the levels
of both RNA and DNA helicases suggested that salt stress affected the stability of nucleic acid base pairing. An
overall increase in the level of branched fatty acids indicated that there were changes in cell wall fluidity. The
immediate response to salt stress included up-regulation of chemotaxis genes, although flagellar biosynthesis
was down-regulated. Other down-regulated systems included lactate uptake permeases and ABC transport
systems. The results of an extensive NaCl stress analysis were compared with microarray data from a KCl
stress analysis, and unlike many other bacteria, D. vulgaris responded similarly to the two stresses. Integration
of data from multiple methods allowed us to develop a conceptual model for the salt stress response in D.

vulgaris that can be compared to those in other microorganisms.

Originally isolated in 1946 from clay soils in Hildenborough,
Kent, United Kingdom, Desulfovibrio vulgaris Hildenborough
belongs to the sulfate-reducing class of bacteria that are ubiq-
uitous in nature (23, 45). These anaerobes generate energy by
reducing sulfate (42) and play important roles in global sulfur
cycling and complete mineralization of organic matter. D. vul-
garis has been implicated in biocorrosion of oil and gas pipe-
lines both on land and in the ocean (5, 23, 57). Members of this
species have also been found to reduce metals in sediments
and soils with high concentrations of NaCl and a milieu of toxic
metals (6) and to cope with salt stresses that result from envi-
ronmental hydration-dehydration cycles. An understanding of
the ability of D. vulgaris to survive in the presence of high
concentrations of NaCl and osmotic stress is critical for deter-
mining the biogeochemistry at metal-contaminated sites for
bioremediation and natural attenuation and for predicting the
potential for biocorrosion of pipelines and tanks in soils, sed-
iments, and off-shore oil production facilities (8, 38, 62). The
availability of an annotated genomic sequence for D. vulgaris
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makes this organism ideal for studying the complex physiology
of sulfate-reducing bacteria (25).

The bacterial response to hyperionic stress includes a range
of mechanisms, such as aquaporins for water intake and func-
tions regulated by the stationary-phase sigma factor, RpoS (12,
53). A commonly encountered response is accumulation of
neutral, polar, small molecules, such as glycine betaine (GB),
proline, trehalose, or ectoine (20, 29, 33). These compatible
solutes serve as osmoprotectants and are synthesized and/or
imported into the cell. The genomic sequence of D. vulgaris
provides insight into its potential responses to increased salt in
the environment. While genes for trehalose synthesis (otsBA)
are present in the closely related microbe Desulfovibrio sp.
strain G20, homologues are not present in D. vulgaris. Further-
more, no genes for ectoine synthesis or transport can be iden-
tifed. D. vulgaris does contain genes for proline biosynthesis
and an ABC transport system annotated for the uptake of GB,
choline, and proline.

Compared to the responses to hyperionic stress, the re-
sponses specific to Na™ stress are less understood, since they
are often observed in conjunction with responses to osmotic or
alkaline stress (15). RpoS-regulated genes have also been
found to be responsive to Na™ stress (12, 19). Also often
implicated are Na*/H™" antiporters, such as those encoded by
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the nha genes in Escherichia coli (15, 56), orthologs of which
are present in D. vulgaris.

A comprehensive understanding of various stress response
mechanisms requires the use of multiple techniques to exam-
ine changes in different types of biomolecules. Integrated anal-
yses involving a combination of microarray data and proteom-
ics are increasingly being used for studies at a cellular level.
Although mRNA and protein levels are linked, additional reg-
ulation during and after translation requires that expression at
both stages be monitored for a more complete view of the
physiological landscape (3, 24, 40). Although not addressed
here, critical information concerning cellular proteomic re-
sponses also lies in posttransalational modifications. In this
study, changes in the transcript and protein levels were exam-
ined. The data sets obtained were complemented by the results
of a preliminary metabolite analysis. In addition, phospholipid
fatty acid (PLFA) composition and lipid content, which are
measures of changes in cell membrane properties, were also
studied.

MATERIALS AND METHODS

Culture maintenance. D. vulgaris Hildenborough (ATCC 29579) was obtained
from the American Type Culture Collection (Manassas, VA). For all experi-
ments and culture maintenance we used a defined lactate sulfate medium (LS4D
medium) based on Postgate’s medium C (50). One liter of LS4D medium (pH
7.2) contains 50 mM NaSO,, 60 mM sodium lactate, 8 mM MgCl,, 20 mM
NH,CI, 2.2 mM K,PO,, 0.6 mM CaCl,, 30 mM piperazine-N,N’-bis(ethanesul-
fonic acid) (PIPES) buffer, 640 wl of resazurin (0.1% solution), 10 mM NaOH,
1 ml of Thauers vitamins (10), 12.5 ml of trace minerals (10), and 5 ml of titanium
citrate. To prepare titanium citrate, 500 ml of 0.2 M sodium citrate was boiled for
20 min under a continuous stream of nitrogen to remove dissolved oxygen. While
the preparation was hot, 37.5 ml of 20% (wt/vol) TiCl; was added along with 100
ml of 8% (wt/vol) Na,CO; under nitrogen. The final mixture was autoclaved and
used. Subculturing was minimized by using —80°C D. vulgaris stocks as 10%
inocula for 100- to 200-ml fresh LS4D medium starter cultures at the mid-log
phase of growth (optical density at 600 nm [ODgq], 0.3 to 0.4). These cultures
were then used as 10% inocula for 1- to 3-liter production cultures. All cultures
were grown at 30°C.

MIC. MIC was defined as the stressor concentration that doubled the gener-
ation time and/or decreased the overall yield by 50%. Growth curve experiments
were conducted in 96-well plates using an OmniLog instrument (Biolog Inc.,
Hayward, CA), which captured digital optical density images every 15 min for
150 h. Each well was inoculated with 10% mid-log-phase cells, six replicates of
each stressor dilution were used, and the plates were placed in an anaerobic
atmosphere and sealed in airtight Retain bags (Nasco) before they were placed
in the OmniLog. OmniLog measurements were calibrated against D. vulgaris cell
densities obtained by determining the ODgqy, using a Biolog plate reader
(ODsq), and determining direct cell counts by the acridine orange direct count
method. All growth curves were comparable at 95% confidence intervals for the
exponential growth phase. A kinetic plot of D. vulgaris growth was used to
determine the generation time and cell yield. For NaCl and KCl stress, the MIC
for D. vulgaris was determined to be 250 mM (in addition to the concentration
present in LS4D medium) by testing concentrations ranging from 0 to 5,000 mM.
For all experiments in this study, 250 mM NaCl or KCl was added to growth
medium to establish stress conditions.

Biomass production. Highly controlled and reproducible conditions were used
for simultaneous production of cell cultures for transcriptomics, proteomics,
metabolite assay, PLFA, and synchrotron Fourier transform infrared (sFTIR)
spectromicroscopy studies. Control and experimental production cultures were
prepared in triplicate. Cultures were exposed to stress at the mid-log phase to
minimize in-culture variability. NaCl or KCI (250 mM) was added to experimen-
tal cultures, and an equivalent volume of sterile distilled water was added to
control cultures. The time of stressor addition was defined as zero time, and
samples were taken at 30, 60, 120, and 240 min after exposure. The longest time
(<5 h) was less than one generation time, so all samples were collected prior to
the stationary phase. Samples were chilled to 4°C in <15 s during collection by
pulling samples from production cultures through 7 m of capillary tubing im-
mersed in an ice bath using a peristaltic pump. Chilled samples were centrifuged,
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and pellets were washed with 4°C degassed sterile phosphate-buffered saline and
centrifuged again at 6,000 X g (10 min, 4°C). The final pellet was flash frozen in
liquid N, and stored at —80°C. For the production of each biomass sample, the
following purity and growth characteristics were recorded: temperature, pH,
ODy0, acridine orange direct count, sFTIR spectrum, total protein content,
anaerobic colony morphology, absence of aerobic colonies, and PLFA biosigna-
tures.

Osmoprotection assays. D. vulgaris was cultured anaerobically in LS4D me-
dium. Stressors, osmolytes, and other metabolites were added as indicated below,
and growth was monitored by determining the ODg, and the total cell protein
content.

Microarray analysis. Oligonucleotide probe design and microarray construc-
tion have been described previously (34). After RNA extraction, purification, and
labeling, a reverse transcription reaction was used to generate labeled cDNA
probes. Labeled genomic DNA (Cy3) was used as a control and as the common
reference to cohybridize with labeled RNA (Cy5) samples for each slide. Each
comparison was done in triplicate. Finally, since there were duplicate arrays on
a given slide and three biological replicates, there were a total of 18 possible
spots for each gene. Hybridized microarray slides were scanned using the Scan-
Array Express microarray analysis system (Perkin-Elmer, Massachusetts). Spot
signals, spot quality, and background fluorescence intensities were quantified
with ImaGene, version 5.5 (Biodiscovery Inc., Los Angeles, CA). For raw mi-
croarray data see NCBI GEO accession number GSE4447.

Computational. (i) Gene models. Models of The Institute for Genomic Re-
search (NCBI) were used.

(ii) Microarray data analysis. Log expression levels, including global normal-
ization, were first computed for each microarray. Log expression levels obtained
from replicate arrays were averaged. Each gene was represented by two spots on
each microarray, and spots flagged by the scanning software were excluded. The
net signal of each spot was calculated by subtracting the background signal and
adding a pseudosignal of 100 to obtain a positive value. For resulting net signals
of <50, a value of 50 was used. For each spot, the level of expression was the
ratio of the two channels (ratio of mRNA to genomic DNA). For each replicate,
the levels were normalized so that the total expression levels for the spots that
were present on all replicates were identical. Finally, mean expression levels and
standard deviations of each spot were calculated, which required n > 1. To
estimate differential gene expression in control and treatment conditions, nor-
malized log ratios were used. The log ratio was log,(treatment) — log,(control).
This log ratio was normalized using LOWESS on the difference versus the sum
of the log expression level (16). Sector-based artifacts were observed; therefore,
the log ratio was further normalized by subtracting the median of all spots within
each sector. Up to this point, data were processed using spots instead of genes to
allow sector-based normalization. Finally, the spots for each gene were averaged
to obtain a final normalized log ratio. To assess the significance of the normalized
log ratio, a Z score was calculated by using the following equation:

log,(treatment/control)

0.25 + Zvariance

where 0.25 is a pseudovariance term. Log ratios and Z values for all microarray
data in this study are listed in a supplemental data file (http://vimss.Ibl.gov
/SaltStress/). The log ratios and Z values were used to generate two types of plots,
(i) volcano plots and (ii) operon-based estimates of local accuracy. For volcano
plots, we plotted the log, ratio of all genes versus Z . This provided an estimate
of the total numbers of significant changers in a microarray comparison and
allowed determination of which time showed the most changers (http://vimss.Ibl
.gov/SaltStress/). For operon-based estimates of local accuracy, each point rep-
resented a group of 100 predicted significant changers with similar Z scores (the
point showed the least significant Z value in the set). The estimated accuracy of
each group of changers was derived by inspecting other genes in the same
operons as these changers. For random changers, the transcripts for 50% of these
genes should have been regulated in the same direction, and for perfect changers
100% of the genes should have been regulated in the same direction. Members
of the operons without a consistent signal across replicates (Z < 0.5) were
excluded. Even with perfect microarray data, the estimated accuracy was some-
what less than 100% due to errors in operon predictions. Typically, a cutoff Z
value of >2 provided accurate significant changers. For operon plots see http:
/www.microbesonline.org/cgi-bin/microarray/viewExp.cgi?expld = 14,20,33.
Metabolite assays using CE-MS. Three identical 50-ml cultures were pooled
anaerobically and centrifuged at 10,000 X g (10 min, 4°C). The pellet was
resuspended in 5 ml cold methanol (prechilled on dry ice) by vortexing and
allowed to stand for 5 min on dry ice. A mixture of 5 ml chloroform (Acros) and
2 ml water was added to the lysate, and the preparation was mixed thoroughly to
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FIG. 1. Effect of salt stress on growth and cell morphology of D. vulgaris and role of osmoprotectants. (A) (Panel i) Effect of 250 mM additional
NaCl or KCI on the growth of D. vulgaris in LS4D medium and effect of the presence of 2 mM GB during salt stress; (panel ii) effect of proline
and choline on NaCl-stressed cells; (panel iii) effect of ectoine on NaCl- or KCl-stressed cells. Linear plots were used for ease of visualizing the
effects of the different growth conditions on the biomass. Log plots are available at http://vimss.Ibl.gov/SaltStress/. (B) Scanning electron
microscopy images of D. vulgaris grown in different conditions (Electron Microscopy Core, University of Missouri, Columbia).

remove free phospholipids. The extraction mixture was centrifuged at 7,000 X g
for 5 min to separate the aqueous and nonaqueous layers. The top layer was
transferred to a 5,000-molecular-weight-cutoff filter (Vivaspin6) and centrifuged
at 7,000 X g (10 min, 4°C). The filtrate was lyophilized and reconstituted in 4 ml
water. For desalting, solid-phase extraction (1g C g cartridge; (Varian) was used.
The C; cartridge was conditioned using 4 ml methanol, followed by 4 ml water.
The reconstituted sample (4 ml) was introduced into the cartridge and washed
with 4 ml of water to remove salts. The sample was eluted with 4 ml methanol to
which enough water was added for the sample to remain frozen at —80°C, and
it was lyophilized (Labconco). Dried samples were reconstituted to produce
metabolite mixtures in 100 pl buffer containing 115 pM methionine sulfone as
the internal standard. Data were obtained in the positive ion mode by capillary
electrophoresis (CE) (Agilent) and were analyzed using electrospray mass spec-
trometry (MS) (Agilent MSD). The metabolite mixture was resolved on a fused
silica column (1 m by 50 wm; Polymicro Technologies) with 1 M formic acid as
the electrolyte and 5 mM ammonium acetate as the sheath liquid. Metabolites
were identified by comparing the nominal mass and retention time with the
nominal masses and retention times of standards. Quantities of selected metab-
olites were estimated by comparison with known quantities of internal standards.
All reagents used were high-performance liquid chromatography grade (Honey
Well Burdick and Jackson).

ICAT and tandem liquid chromatography-mass spectrometry (LC-MS). To
obtain total cell protein, cell pellets from 300-ml cultures at ODyg of 0.3 to 0.4
were lysed in 2 ml of 50 mM Tris-HCI (pH 8.0) by sonication on ice. The lysates
were clarified by centrifugation at 14,000 X g (30 min, 4°C), and protein levels
were determined using the bicinchoninic acid assay (Pierce). Samples (300 pg) of

total cell protein from control and stressed samples (120 min) were labeled by
isotope-coded affinity tagging (ICAT) with light and heavy tags, respectively,
according to the manufacturer’s instructions (Applied Biosystems). Trypsinized
samples were desalted by using a C3 macro spin column (The Nest Group, Inc.,
Massachusetts) according to the manufacturer’s instructions. Each sample was
dried using a Speedvac (Thermo Savant), dissolved in 40 pl of 0.1% (vol/vol) 1
M formic acid, resolved by two-dimensional nano liquid chromatography (LC)
using an inline strong cation-exchange cartridge into salt cuts (5, 20, 30, 40, 50,
and 1,000 mM KClI), and resolved further by reverse-phase separation (15-cm
300-A-diameter C,g RP column; Dionex). A 0 to 30% gradient in the organic
phase (80% acetonitrile, 0.1% 1 M formic acid) was used. The m/z values of the
resolved peptides were determined using electrospray ionization and a time of
flight mass spectrometer (QSTAR hybrid quadrupole time of flight mass spec-
trometer; Applied Biosystems). Time of flight MS and MS-MS results were
analyzed using the ProICAT software (Applied Biosystems). The acquired data
were searched against a theoretical database created using the FASTA file
containing the open reading frames of D. vulgaris Hildenborough, E. coli K-12,
and Bacillus subtilis 168. A mass tolerance of 0.3 for MS and a mass tolerance of
0.3 for MS-MS were used to obtain a list of candidate proteins. The database of
results generated by ProlICAT computed the ID confidence for all peptides
identified and the quantitation quality for ICAT peptide pairs for which a
heavy/light ratio could be determined. Quantitation quality ranges from 0 to 100
and is based on how well the mass difference of the ICAT pair agrees with the
expected value. Only proteins identified at >99% confidence were used. Of these
proteins, only those with a stressed/control (heavy/light) quantitation quality of
>75% were used. The ICAT strategy has been determined to be very accurate
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for small changes, detecting as little as a 30% change in protein levels (3, 61).
Heavy/light ratios for peptides associated with the same protein were used to
assess the internal error in a manner similar to the manner described previously
(22). Internal error refers to the error between technical replicates of the same
ICAT-labeled sample examined twice by LC-MS as described above. The error
was determined to be 29%, and therefore, only changes greater than 29% were
considered significant. The complete list is available at http://vimss.Ibl.gov
/SaltStress/.

Three-dimensional nano LC-MS proteomics. For the three-dimensional pro-
teomics analysis, performed at Diversa Corp., we used fractionation of total
proteins by three-dimensional LC, followed by MS-MS analysis to identify the
proteins, as described previously (59). Replicate cultures from a control (time
zero and 120 min) and a stressed sample (120 min) were used to obtain total
protein. The relative abundance of proteins in each sample was estimated based
on the hypothesis that the more abundant a peptide ion is in a mixture, the more
likely the peptide ion is sampled during the course of an MS-MS experiment (35,
61). When this model is used, the total numbers of qualified spectral counts
represent the relative abundance of each protein under a specific condition. To
identify proteins for which there were significant changes under different condi-
tions, the statistical “local-pooled-error” test (28) was used. Only changers with
a P value of <0.05 were considered to be significantly changed. A total of 1,356
proteins were identified in all samples, and for 47 of these proteins there were
reproducible changes between the control and the stressed sample (http://vimss
Ibl.gov/SaltStress/).

PLFA assays. Pellets from 40-ml cultures (centrifuged at 1,015 X g for 15 min)
were stored at —20°C. Total lipids were extracted from each pellet with a
modified Bligh-Dyer solution (60). Phospholipids were separated from total
lipids on a C,g silicic acid column (Unisil; Clarkson Chemical), methylated, and
then analyzed with an Agilent 6890N gas chromatograph equipped with a flame
ionization detector. Peaks were confirmed by MS (Agilent 5972A MSD), and
double bond positions were confirmed by dimethyl disulfide derivatization. Peaks
were quantified using an internal 19:0 fatty acid methyl ester standard (Sigma).

sFTIR spectromicroscopy. All sample handling was done anaerobically at 4°C.
Cells were washed in ice-cold, oxygen-free buffer (0.1 M Tris-HCl [pH 7.5], 1.0
mM EDTA) and placed on a gold-coated microscope slide. The free-flowing
buffer solution was removed, and cells were placed inside a sample holder, which
maintained a relative humidity of 100% and an anaerobic atmosphere. The ZnSe
window of the sample holder allowed acquisition of infrared spectra. Infrared
measurements were obtained at the Advanced Light Source Facility, Lawrence
Berkeley National Laboratory, using an Fourier transform infrared interferom-
eter bench (Nicolet Magna 760) equipped with an infrared microscope (Nic-Plan
IR microscope), as described previously (27). Signals in the spectral region from
4,000 to 250 cm™ ! were interpreted using previously described principles (9).
Characteristic CO, peaks and water vapor fingerprints were removed from the
spectra, and the resulting spectra were normalized against the amide I absorption
peak (1,648 cm™!). Each spectrum was the average of 20 raw spectra, and each
raw spectrum represented at least 20 cells. Differences in spectra, which revealed
differences in cellular changes in control and stressed biomasses, were analyzed.

RESULTS AND DISCUSSION

The defined LS4D medium used in our study contains so-
dium lactate as a carbon source and electron donor and so-
dium sulfate as an terminal electron acceptor. An additional
250 mM NaCl reduced the maximal growth rate of the D.
vulgaris culture by 50% and resulted in a striking phenotype,
fivefold elongation of cells in the late log phase (Fig. 1).

In this study, D. vulgaris cultures in the mid-log phase were
exposed to salt stress using 250 mM NacCl, and changes in gene
expression were monitored after 30, 60, 120, and 240 min,
using genomic DNA as a control. The highest number of
changers were seen at 120 min (http://vimss.Ibl.gov/SaltStress/),
and therefore a replicate 120-min experiment was conducted
to generate biomass for a microarray analysis, a proteomics
analysis, metabolite assays, and a macromolecule composition
analysis. The resulting data were used to delineate primary
cellular responses to excess NaCl. Data from an identical KCI
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FIG. 2. (A) Selected hits from the NaCl and KCI microarrays. The
color blocks show changes in mRNA levels for selected D. vulgaris
genes over time in response to both NaCl stress and KCI stress, as
follows: pink, increase; blue, decrease; black, no change; gray, data not
available. Genes are grouped by function or gene identification num-
bers, and the groups do not indicate clustering. (B) Comparison of
NaCl and KCl stress responses: plot of changes in mRNA levels with
250 mM KCl stress (120 min) (y axis) versus changes in mRNA levels
with 250 mM NaCl stress (120 min) (x axis). The data show the large
overlap in the mRNA changes in response to KCI and NaCl. The plot
shows the similarity between the KCl and NaCl stress responses. Points
in the top right quadrant represent increases in both data sets. Values
on both axes are log, values for the ratio of the mRNA level under
stressed conditions to the control genomic DNA. Since for both mi-
croarrays genomic DNA was used as the control, such a direct com-
parison could be made. Data for selected candidate operons and regu-
lons, including the FUR and Hmc regulons, the ATP biosynthesis
operon, and the glycine betaine uptake operon, are highlighted.

8002 'vT ABN U0 gv1 TLYN ATTINYIQ IONTFHYMY1 O 3 1e Hio wse gl wouy papeojumoq


http://vimss.lbl.gov
http://vimss.lbl.gov/SaltStress/
http://vimss.lbl.gov/SaltStress/
http://vimss.lbl.gov/SaltStress/
http://jb.asm.org

4072 MUKHOPADHYAY ET AL.

J. BACTERIOL.

TABLE 1. Selected microarray data: log, ratios for 250 mM NacCl versus no NaCl and for 250 mM KCI versus no KCI at 120 min®

Log, ratio (Z value)

DVU no. Designation Description
NaCl KCl
Glycine betaine uptake operon
DVU2297 proW Glycine betaine/L-proline ABC transporter, periplasmic 1.62 (3.13) 1.87 (3.68)
binding protein
DVU2298 opuBB Glycine betaine/L-proline ABC transporter, permease 1.43 (2.74) 2.53 (4.91)
protein
DVU2299 proV Glycine betaine/L-proline ABC transporter, ATP- 1.48 (2.56) 2.47 (4.63)
binding protein
Sulfate reduction pathway
DVU0846 ApsB Adenylylsulfate reductase, beta subunit 0.64 (1.21) 0.50 (0.99)
DVU0847 ApsA Adenylylsulfate reductase, alpha subunit 0.71 (1.31) 0.23 (0.44)
DVU0848 QmoA Quinone-interacting membrane-bound oxidoreductase 0.82 (1.41) 0.61 (1.18)
DVU0849 QmoB Quinone-interacting membrane-bound oxidoreductase 1.20 (2.12) 0.59 (1.04)
DVUO0850 QmoC Quinone-interacting membrane-bound oxidoreductase 0.55 (1.07) 0.11 (0.18)
DVU0279 NA® Sulfate permease family protein 0.86 (1.66) 1.85(3.41)
Potassium transport
DVU1606 NA Potassium uptake protein, TrkA family 0.02 (0.05) —0.21 (-0.39)
DVU3335 NA Sensory box histidine kinase —0.64 (—1.17) —1.30(—2.44)
DVU3336 kdpD Potassium channel histidine kinase domain protein —0.75 (—1.43) —0.56 (—1.01)
DVU3337 kdpC Potassium-transporting ATPase, C subunit —0.04 (—0.06) 0.35 (0.61)
DVU3338 kdpB Potassium-transporting ATPase, B subunit 0.24 (0.42) 0.41 (0.70)
DVU3339 kdpA Potassium-transporting ATPase, A subunit 0.48 (0.79) —0.07 (—0.12)
DVU0412 NA Potassium uptake protein TrkA, putative 0.31 (0.55) 0.42 (0.81)
DVU0413 trkl Potassium uptake protein, TrkH family 0.51 (1.00) 0.76 (1.46)
Sigma factors
DVU1584 rpoH Sigma-70 family protein —0.10 (—0.19) 0.13 (0.25)
DVU1628 rpoN RNA polymerase sigma-54 factor 1.05 (1.88) 0.66 (1.19)
DVU1788 rpoD RNA polymerase sigma-70 factor 0.24 (0.43) 0.30 (0.55)
DVU2929 rpoC DNA-directed RNA polymerase, beta prime subunit 0.68 (1.32) 0.76 (1.32)
DVU3229 fliA RNA polymerase sigma factor for flagellar operon FliA —0.01 (—0.02) (NA)
Lactate permeases
DVU2110 b2975 I-Lactate permease —0.75(—1.43) —0.44 (—0.82)
DVU2285 NA l-Lactate permease family protein 0.12 (0.21) —0.37 (=0.71)
DVU2451 NA I-Lactate permease family protein —1.36 (—2.54) —2.29 (—4.42)
DVU2683 NA l-Lactate permease family protein —0.28 (—0.48) —1.29 (-2.48)
DVU3026 NA I-Lactate permease family protein —1.93(-3.72) —1.77 (—3.31)
DVU3284 b2975 l-Lactate permease —0.05 (—0.08) —0.36 (—0.63)

“ Genes are sorted by DVU numbers within subgroups. log, ratios and Z values were computed as described in Materials and Methods.

? NA, not applicable.

stress analysis were used to identify responses that may be
specific to excess Na™ ions.

Accumulation of compatible solutes. The D. vulgaris genome
encodes a putative GB-choline-proline ABC transport system.
The three-gene operon contains prol/, encoding an ATP-bind-
ing protein; opuBB, encoding a permease protein; and proW,
encoding the periplasmic binding protein that serves as the
substrate receptor in the transporter complex. Microarray
analysis showed that the mRNA levels of all three genes were
highly up-regulated in response to both excess NaCl and KCl
(Fig. 2B and Table 1). ICAT proteomics data for the same
biomass supported the opuBB up-regulation (Fig. 3), and
OpuBB was among the mostly highly up-regulated proteins.

Surprisingly, even though no GB is present in LS4D me-
dium, analysis of cell extracts using CE-MS showed that GB
was present in both control biomass and salt-stressed biomass.
Consistent with both microarray and proteomics observations,
the GB levels were higher in salt-stressed biomass (Fig. 3).
Bacteria are known to scavenge GB present as a contaminant
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FIG. 3. (A) ICAT proteomics data for the glycine betaine per-
mease OpuBB: section of the time of flight MS spectrum showing the
light (control) and heavy (NaCl-stressed) ICAT ion pair for the pep-
tide FTCLGIR. The FTCLGIR sequence was obtained at 99% confi-
dence from MS-MS of the parent ion at m/z 523.29 (or a molecular
mass of 1,046.59 Da) and was used to identify OpuBB (DVU2298).
The +2 charged parent ion peaks, separated by m/z 4.5, were used for
relative peak quantification using ProICAT. The stressed/control ratio
of 3.45 is consistent with up-regulation of OpuBB. (B) Quantities of
selected metabolites relative to the quantity of the internal standard
(defined as 100%). The bars indicate averages for three technical
replicates.
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in carbon sources (20). Alternatively, D. vulgaris may be able to
synthesize GB from other precursors. For instance, LS4D me-
dium contains choline, which can serve as a precursor of GB in
a two-step process that requires an aldehyde dehydrogenase
and an alcohol dehydrogenase (11), genes for which are
present in D. vulgaris, although microarray data did not iden-
tify any specific candidates.

In osmoprotection assays, very low concentrations of GB not
only efficiently alleviated the growth inhibition due to excess
salt but also prevented the late-log-phase cell elongation (Fig.
1). While this indicates that GB is an effective osmoprotectant,
the up-regulated permease encoded by opuBB may not be
specific to GB. Hence, additional substrates known to be ef-
fective osmoprotectants or precursors of GB were also tested.
Our results showed that choline did not alleviate salt stress in
D. vulgaris (Fig. 1). This may have been due to either the
inability of D. vulgaris to import choline or the absence of
specific dehydrogenases that convert choline to GB. GB has
also been reported to be synthesized via sequential methyl-
ation of the glycine amino group by methyltransferases (44).
Although several methyltransferases have been annotated in
D. vulgaris, addition of glycine, methyl glycine (sarcosine), or
dimethyl glycine to salt-stressed cells resulted in no significant
improvement in growth (http://vimss.lbl.gov/SaltStress/). Or-
ganisms that use GB as an osmoprotectant, including E. coli
and B. subtilis, often can synthesize it (11, 20). However, sim-
ilar to Lactobacillus spp. (20), D. vulgaris may use GB exclu-
sively via import.

The up-regulation of the GB-choline-proline ABC transport
system also suggests that proline is a candidate for osmopro-
tection in D. vulgaris. Proline, a well-documented osmopro-
tectant (4, 11), may also accumulate due to up-regulation of
biosynthesis, increased transport, or decreased proline oxida-
tion to glutamate. Up-regulation of proline biosynthesis genes
was not observed upon salt stress (http://vimss.Ibl.gov
/SaltStress/). Furthermore, CE-MS analysis indicated that cells
did not accumulate proline during salt stress, while glutamate
levels did increase (Fig. 3). In osmoprotection assays, proline
did alleviate salt stress, but not as effectively as GB (Fig. 1).
Therefore, despite the homology between the B. subtilis and D.
vulgaris opuBB genes, proline appears not to be the preferred
osmoprotectant for D. vulgaris.

In contrast, ectoine alleviated salt stress at concentrations
comparable to the concentration of GB (Fig. 1). Interestingly,
neither an ectoine biosynthesis pathway nor any ectoine-spe-
cific transport systems have been annotated in D. vulgaris,
although it is evident that uptake and accumulation of small
polar osmolytes are major salt stress responses in D. vulgaris.

Among other amino acids, the mRNA levels of tryptophan
biosynthesis genes were markedly up-regulated during NaCl
stress and, to a lesser extent, during KCl stress (http://vimss.lbl
.gov/SaltStress/). We found no reports of tryptophan up-regu-
lation in relation to salt or osmotic stress in other bacteria and
have no explanation for this phenomenon. To investigate if the
up-regulation at the transcript level indicated that there was a
tryptophan requirement during salt stress, an osmoprotection
assay was performed. However, addition of tryptophan did not
alleviate the reduction in growth in the presence of 250 mM
salt (http://vimss.Ibl.gov/SaltStress/).
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Efflux of excess salt ions. D. vulgaris contains more than 14
genes annotated for cation/multidrug efflux that may pump
cations out of the cell using the same mechanism as Na™/H*
antiporters. Genes in a three-gene operon (DVU2815 to
DVU2817), as well as genes in a two-gene multidrug efflux
operon (DVU3326 and DVU3327), were highly up-regulated
upon salt stress (Fig. 2). Transcripts of a putative acrAB system
(DVUO0058 to DVU0063) were highly up-regulated throughout
the stress treatment in response to both NaCl and KCl (Fig. 2),
a phenomenon also observed in E. coli in response to 0.5 M
NaCl (39). The large number of up-regulated genes with cat-
ion/multidrug efflux domains suggests that efflux systems may
play a major role in actively pumping excess salt ions out of the
cell in D. vulgaris.

Several highly conserved Na*/H™ antiporters are also
present in D. vulgaris, but for most of these antiporters the
transcript and protein profiles indicated that there was no
change in stressed cells (http://vimss.Ibl.gov/SaltStress/). While
this may indicate that under the conditions studied D. vulgaris
does not recruit Na*/H™" antiporters to exclude excess salt
ions, the transcripts of these open reading frames were abun-
dant (Huang and Alm, unpublished observations), adequate
levels of the antiporters may be present for salt efflux, and no
further up-regulation may be required. One exception was
the ubiquinone oxidoreductase subunit, encoded by echA
(DVUO0434), whose transcript levels were increased in the
presence of both NaCl-stressed cells (at 120 min, Z = 2.12) and
KCl-stressed cells (at 120 min, Z = 2.14). While no other gene
in the operon showed a significant change (http://vimss.lbl.gov
/SaltStress/), oxidoreductases such as EchA have been impli-
cated in respiration-coupled Na™ efflux in several other bacte-
ria (46, 49), and the observed DVU0434 up-regulation may be
important in D. vulgaris salt stress.

The down-regulated genes included the genes involved in
Na™ uptake, such as the genes encoding flagellar systems (Fig.
2), suggesting that D. vulgaris eventually becomes nonmotile
under salt stress conditions. Similar down-regulation of the
flagellar assembly genes has been observed in other bacteria,
including Shewanella oneidensis (36) and B. subtilis (55). How-
ever, unlike S. oneidensis cells, the D. vulgaris cells were ob-
served to be highly motile after salt stress (data not shown),
and several key chemotaxis genes, such as cheY (DVU2073),
were very highly and reproducibly up-regulated within 30 min
of treatment with either NaCl or KCI (Fig. 2A). While cheY
remained up-regulated throughout the later times monitored,
other chemotaxis genes (cheA, cheW, and cheD) were most
highly up-regulated only at earlier times (30 and 60 min) (Fig.
2A). The up-regulation of the transcript levels of chemotaxis
genes may indicate an initial response in cells to move away
from the stressful cations.

At the proteome level several periplasmic-binding proteins
of ABC transport systems were significantly down-regulated
(Table 2). While both proteomics techniques used in our study
revealed this down-regulation, only one of the genes showed a
similar change at the mRNA level (DVU1937; Z = —1.72).
Whether the down-regulation of these periplasmic proteins is
beneficial during salt stress requires further investigation.

Salt stress amelioration mechanisms. The most-up-regulated
protein identified in the salt-stressed sample in both proteo-
mics data sets was the RNA helicase, DVU3310 (Table 2), a
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TABLE 2. Selected proteomic data

J. BACTERIOL.

Three-dimensional nano

DVU no.* Designation Description ‘ICAT log, ratloh LOMOMS
(stressed/control) Log, ratio
(stressed/control) P value
ATP synthesis
DVU0775 atpD ATP synthase, F1 beta subunit 1.03 —0.11 0.8
DVU0777 atpA ATP synthase, F1 alpha subunit 0.58 0.40 0.35
DVU0778 atpH ATP synthase, F1 delta subunit 0.74 —0.64 0.29
ABC transport binding
proteins
DVU0712 NA? Amino acid ABC transporter, periplasmic binding protein —1.41 -1.79 0.00
DVU0745 NA ABC transporter, periplasmic substrate-binding protein —0.81
DVU1937 NA ABC transporter, periplasmic phosphonate-binding -1.17 -1.23 0.01
protein, putative
DVU2342 NA Amino acid ABC transporter, periplasmic amino acid- —1.07 —2.05 0.01
binding protein
DVU0547 NA Branched-chain amino acid ABC transporter, periplasmic -1.33 —1.28 0.028
binding protein
Sulfate reduction
DVU0847 ApsA Adenylylsulfate reductase, alpha subunit 0.57 0.17 0.68
DVU0848 QmoA Quinone-interacting membrane-bound oxidoreductase 0.21 -0.25 0.55
DVU0849 QmoB Quinone-interacting membrane-bound oxidoreductase 0.63 0.23 0.59
Pyruvate — acetate
DVU3025 POR Pyruvate-ferredoxin oxidoreductase 0.48 0.05 0.90
DVU3027 gleD Glycolate oxidase, subunit GlcD —0.40 —0.26 0.55
DVU3028 NA Iron-sulfur cluster-binding protein —0.02 -1.71 0.00
DVU3029 pta Phosphate acetyltransferase —0.06 —0.66 0.13
DVU3030 ackA Acetate kinase —0.35 —0.78 0.07
DVU3032 NA Conserved hypothetical protein 0.06 —0.96 0.03
Selected changers
DVU3310 deaD ATP-dependent RNA helicase, DEAD/DEAH family 2.24 3.08 0.00
DVU2370 ompH Outer membrane protein OmpH, putative 0.64 —1.03 0.23
DVU3242 rpoZ DNA-directed RNA polymerase, omega subunit 0.66 232 0.61
DVU0697 rfbA Mannose-1-phosphate-guanylyltransferase/mannose-6- 0.75 —0.50 0.59
phosphate isomerase
DVU2929 rpoC DNA-directed RNA polymerase, beta prime subunit 0.58 0.64 0.18
DVU0832 NA Tetrapyrrole methylase family protein —2.65 —7.64 0.052
DVU2013 NA Hybrid cluster protein —0.61 -1.37 0.002
DVU0979 b1200 DAKI1 domain protein —0.75 —1.87 0.005

“ DVU descriptions can be found at microbesonline.org (2).

® For ICAT proteomics the identification confidence is >99% and the quantitation scores are >75% for the data shown. Changes of >29% are significant (indicated

by boldface type).

¢ Three-dimensional nano LC-MS/MS proteomics was used to estimate the quantity of protein by spectral counting; P values of <0.05 are indicated by boldface type.

4 NA, not applicable.

DeaD/DeaH box binding protein known to facilitate RNA
melting (18). The remaining genes of the three-gene operon
encoding DVU3310 also showed an increase in mRNA levels
(Fig. 2A). RNA and DNA helicases are both known confer
tolerance to salt (48, 52), presumably by overcoming the effect
of excess intracellular cations on RNA and DNA melting.
There were also increases in the transcript levels for two DNA
helicases, encoded by dnaB and ruvB (Fig. 2A). Both DnaB
and RuvB are predicted to form part of the DNA replication
fork and to assist in DNA melting (30). Given the function of
these helicases, up-regulation of the transcript levels suggests
that the stability of both RNA and DNA may have been af-
fected by excess cations during salt stress.

Salt stress is known to affect the fluidity of the cell wall, and
lipid regulation plays a role in cell wall fluidity (37). Eight
PLFAs accounting for 80% of the total D. vulgaris PLFA com-

position (17) were used to study the effect of NaCl stress on
the PLFA profile (Fig. 4). Since our study did not address
the long-term adaptation to salt stress, no drastic changes
were observed in either the total PLFA content or the net
contribution of each individual PLFA (http://vimss.lbl.gov
/SaltStress/). However, changes that were observed during salt
stress were not observed in the control biomass over the same
period of time (Fig. 4). The level of the branched, unsaturated
PLFA i17:1w9c¢, which accounted for 14% of the total PLFA
content and is characteristic of Desulfovibrio species (17), in-
creased in stressed cells but not in control cells. In contrast, the
levels of the unbranched, saturated PLFAs 16:0 (7%) and 18:0
(25%) decreased in salt-stressed cells but not in control cells.
In general, the levels of branched PLFAs increased more in
stressed cells than in unstressed cells.

The response of the PLFA profile to salt stress has been
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FIG. 4. Fatty acid data. (A) Relative changes in eight major types of PLFAs after NaCl stress (data for fatty acid structures are available at
http://vimss.Ibl.gov/SaltStress/). Mole fractions of individual PLFAs were determined in triplicate. The data were computed as follows: (V,/V))/
(C,/Cy) — 1, where V is the value for salt-stressed cells at 120 min, V, is the value for salt-stressed cells at zero time, C, is the value for control
cells at 120 min, and C, is the value for control cells at zero time. (B) sFTIR data for the 3,400- to 2,400-cm ' window, showing changes in the
peaks at 2,925 cm ™! (peak a), 2,958 cm ! (peak b), and 2,852 cm ! (peak c) that were indicative of an increase in the total lipid content in the

salt-treated cells.

examined in several bacteria (31, 37). Models for lipid compo-
sition changes in both gram-positive and gram-negative bacte-
ria have been suggested (31). D. vulgaris appears to exhibit the
mechanisms generally found in halotolerant, gram-positive
bacteria, in which an overall increase in the level of branched
PLFAs, both saturated and unsaturated, is observed during salt
stress. Although it is the combined ratio of different PLFAs
that determines the viscosity of the resulting membrane, in-
creases in the levels of lower-melting-temperature branched or
unsaturated fatty acids are known to increase membrane flu-
idity (31). Similar to cold stress, salt stress is known to increase
membrane rigidity (37), and increases in the levels of branched
PLFAs may be the bacterial response needed to reestablish
optimal membrane fluidity. Consistent with this hypothesis,
unsaturation in fatty acids also increases membrane fluidity,
and Synechocystis strains overexpressing a desaturase gene
were found to be more robust under salt stress conditions (1).

The small increase in the level of lipids in the salt-stressed
biomass was also observed in sFTIR experiments performed
with whole cells (Fig. 4). No significant changes were found in
the expression of genes encoding biosynthesis or modification
functions of fatty acids or polysaccharides (http://vimss.lbl.gov
/SaltStress/). However, ICAT proteomics did reveal increases in
the levels of OmpH, which is putatively involved in lipopoly-
saccharide biosynthesis, and RfbA, which is involved cell wall
biogenesis (Table 2).

Energy production. GB import, ion efflux, and helicases all
require ATP hydrolysis, which may explain the significant up-
regulation in F-type ATPases seen at both the transcript and
protein levels (Fig. 2B and Table 2). Consistent with an in-
crease in the energy requirement, the transcript levels for all
genes (DVUO0531 to DVUO0536) in the operon encoding the
high-molecular-weight cytochrome Hmc increased (Fig. 2B) in
both NaCl and KCI stress conditions. Hmc is a potential trans-
membrane redox protein complex that has been reported to be
involved in electron transport and energy production (25).
Interestingly, expression of the Rrfl2 operon (DVU0529 and
DVUO0530), which is located immediately downstream of the
Hmc operon and is the predicted negative regulator for Hmc
(32), also increased during salt stress (http://vimss.lbl.gov
/SaltStress/).

Increases in transcript levels were observed for the members
of the operon encoding part of the sulfate reduction pathway
(DVUO0846 to DVU0851) after treatment with NaCl (Table 1).
Increases were also observed at the protein level for ApsA, the
adenylyl sulfate reductase a subunit (DVU0847), and QmoB,
the quinone-interacting membrane-bound oxidoreductase
(DVU0849), although there was not significant up-regulation
of QmoA (DVUO0848) (Table 2). Sulfate is the terminal elec-
tron acceptor for anaerobic respiration of D. vulgaris. Taken
together, these data indicate that there was an increase in
sulfate reduction and suggest that stressed cells may require
more energy than unstressed cells. In addition, the mRNA
level for the sulfate permease (DVU0279) was up-regulated.
This may cause a paradox for the salt-stressed cell, since this
permease has been shown to function as an Na* symporter
(14).

An unexplained contradiction is the apparent down-regula-
tion of several lactate permeases in both NaCl- and KCI-
stressed cells (Fig. 2A and Table 1). Additional energy require-
ments would be expected to require greater lactate uptake.
Preliminary data from enzymatic assays performed with cell
culture supernatant did not reveal a change in the lactate
consumed by salt-stressed cells (data not shown), but more
experiments are required to obtain a better understanding of
lactate metabolism. The pyruvate metabolic pathway also ap-
peared to be down-regulated (Fig. 2A). However, there is
sufficient redundancy in the pyruvate-to-acetyl coenzyme A
pathway in the genome such that this metabolic flux could have
remained unchanged during salt stress.

Comparison of stress responses to Na* and K*. In many
bacteria, K* accumulation via the #rk and kdp systems is a
primary response to excess Na* ions (7, 36, 41, 54). D. vulgaris
has four genes (DVU0412, DVU0413, DVU1606, DVU2302)
that are predicted to be involved in K* uptake and transport
and an operon homologous to the E. coli kdp K* transport
system (DVU3334 to DVU3339). However, microarray data
did not indicate a significant change in any of these candidates
except DVU3335, a histidine sensor kinase, whose transcript
level decreased with KClI stress (Table 1). Most importantly,
addition of KCl did not alleviate the detrimental effect of NaCl
on growth. In fact, increasing K™ concentrations were found to
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FIG. 5. Schematic diagram of molecular changes observed in D. vulgaris after exposure to inhibitory NaCl concentrations. Red indicates an
increase, while blue indicates a decrease. Gray indicates no change. (a) Data obtained from microarray, proteomics, metabolite, and osmopro-
tection assays; (b) data obtained from microarray and proteomics assays; (c) data obtained from PLFA and sFTIR analyses; and (d) data obtained
from only microarray analysis. Cell morphology data were obtained by electron microscopy. TCA, tricarboxylic acid; LPS, lipopolysaccharide; AA,

amino acid; CoA, coenzyme A.

be additive with Na™ for decreasing the growth rate (data not
shown). Thus, at the NaCl concentration used here, uptake of
K™ ions was not an important response mechanism in D. vul-
garis.

The overall similarity of microarray data obtained after
NaCl and KCl challenges to D. vulgaris was striking (Fig. 2 and
Table 1). Very few differences were observed, and the differ-
ences were primarily differences for hypothetical proteins
whose functions are unknown. Those with homologies to prod-
ucts of known genes included an ABC transport protein for
branched amino acids (DVU2744), and several genes for me-
thionine and leucine biosynthesis were up-regulated only in
KClI stress conditions (http://vimss.lbl.gov/SaltStress/).

Regulatory systems. Several regulons have been identified in
D. vulgaris (51), and the most striking differential expression
involved increases in gene expression for members of the ferric
uptake regulon (FUR) after salt stress (Fig. 2). FUR derepres-
sion was also observed in response to heat shock (13), oxygen
exposure, and acid stress (He and Zhou, unpublished data)
and might be a global stress response in D. vulgaris. In B.
subtilis, high salinity causes iron deficiency, leading to dere-
pression of FUR genes, particularly siderophore biosynthesis
genes (26). Possibly because of its anaerobic lifestyle, D. vul-
garis appears to lack a siderophore biosynthetic pathway. How-
ever, even though omission of Fe** from the LS4D growth
medium severely affected growth, it did not affect the net
sensitivity of D. vulgaris to salt or the ability of GB to alleviate
growth deficiency (http://vimss.lbl.gov/SaltStress/). The ability
of GB to protect against salt stress in the absence of Fe*"
suggests that FUR may not regulate the GB uptake operon.

In bacteria, two-component systems play an important role
in initiating responses to external stimuli and stress. In the
cyanobacterium Synechocystis, a histidine kinase involved in a
salt stress response has been identified (47). Microarray data
for D. vulgaris transcripts showed that there were changes in
several histidine kinases during salt stress (http://vimss.lbl.gov
/SaltStress/), but further experiments are needed to confirm
their specific involvement. Other regulatory proteins, such as
the stationary-phase RpoS ¢’ sigma factor, have also been
reported to be involved in the salt stress response (12). Al-
though some &-proteobacteria apparently have a well-recog-
nized RpoS ortholog (43), D. vulgaris appears not to encode
RpoS. Three putative o’® factors in D. vulgaris, rpoD
(DVU1788), rpoH (DVU1584), and fliA (DVU3229), did not
change significantly during salt stress, although ¢°*, encoded
by rpoN (DVU1628), appeared to be up-regulated at the tran-
script level (Table 1). Curiously, proteomics data also indicated
that the level of RpoC, the RNA polymerase B’ subunit, in-
creased in the salt-stressed cells (Tables 1 and 2).

Comparison of genomics data. The microarray and proteomics
analyses performed in this study were targeted to study the stress
response rather than adaptation. To ensure that stress was mea-
sured and also that the cells were not moribund, parallel studies
were performed 2 h following salt addition. Although the maxi-
mum number of changers was observed at this time, most of
the changes at the microarray level did not exceed fivefold.
This is not surprising since the doubling time of D. vulgaris
growing in LS4D medium at 30°C is 5 h. The data suggest that
changes at the proteome level were even milder. Using the
cysteine-tagging ICAT method, 167 proteins were identified,
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and 139 of these proteins had stressed/control ratios. Of these,
79 showed changes greater than 30% and were considered to
be proteins that showed a significant change (Table 2) (http:
//vimss.Ibl.gov/SaltStress/). Twenty-seven of the changing pro-
teins showed trends similar to trends in mRNA levels (http:
/fvimss.Ibl.gov/SaltStress/). Differences between microarray
and proteomics data have been observed in most studies which
used both techniques to map cellular responses (3, 13, 21, 24).
Such differences may arise because of the inherent lag between
mRNA changes and changes in protein levels. Posttransla-
tional modifications and regulation, such as turnover and pro-
tein secretion, could also contribute to the differences. How-
ever, further validation is required to confirm the cause or
significance of any of these differences. Additionally, while a
correlation between absolute protein quantity and mRNA
value may be expected (35, 58), correlations between fold
changes in microarray data and proteomics data appear to be
more variable (3, 13, 21, 24).

Salt stress model for D. vulgaris Hildenborough. The differ-
ent techniques used in this study allowed us to observe the
initial effects and responses to salt stress and to formulate a
more complete salt stress model for a single organism (Fig. 5).
Uptake of available molecules, such as GB and ectoine, from
the environment is a robust strategy to counter osmotic stress
and appears to be the favored mechanism in D. vulgaris. Up-
regulation at the transcript level also suggests that a variety of
efflux mechanisms are involved. Cells may also utilize available
protective mechanisms, such as Na*/H" antiporters that are
abundant but show no up-regulation upon stress. Other imme-
diate responses include up-regulation of chemotaxis systems,
apparent motility of the cells, and adjustments in cell wall
composition. Increases in ATP production are supported at
both the transcript and protein levels. Increases in the tran-
script levels of all members of the Hmc operon suggest that
electron channeling may also increase during salt stress in D.
vulgaris.

The most striking long-term effect of salt stress was the
elongation of the cells, which was observed in the presence of
both NaCl and KCl and was corrected by addition of GB. The
elongated structures observed may have been caused by inhi-
bition of DNA replication or may have been due to an inability
to form septa. While additional experiments are required to
confirm either hypothesis, our preliminary observations are
more consistent with the former possibility, since the cells did
not show multiple chromatin stains but rather showed dilution
of total DNA and there was an increase in the protein/DNA
ratio in stressed cells. The increases observed in proteins re-
quired for melting base pairs are also consistent with inhibition
of DNA replication. Our growth assays showed that that up-
take of osmolytes corrected these stress effects, which set the
stage for further experiments to define the mechanism of os-
moprotection.
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